The plant hormone auxin and its directional intercellular transport play a major role in diverse aspects of plant growth and development [1] [2] [3] . PIN-FORMED (PIN) proteins determine the directionality of intercellular auxin flow 4-5 , and the establishment of auxin gradients in plants requires asymmetric distribution of members of the auxin efflux carrier PIN protein family to the plasma membrane. An endocytic pathway regulates the recycling of PIN proteins between the plasma membrane and endosomes, providing a mechanism for dynamic localization 6-9 . Nethylmaleimide-sensitive factor adaptor protein receptors (SNAP receptors, SNAREs) mediate fusion between vesicles and target membranes and are classed as Q-or R-SNAREs based on their sequence 10 . To date, very little is know about the function of R-SNAREs. Here we demonstrate that an R-SNARE-dependent exocytic pathway is essential for the insertion of PINs into the plasmamembrane from the Golgi. The Arabidopsis R-SNARE VAMP714 co-localizes with Golgi vesicles and PIN1. We show that loss-of-function vamp714 mutants, and dominant negative transgenics, exhibit aberrant PIN localization, reduced auxin transport, and altered root gravitropism and morphogenesis. Moreover, VAMP714 gene expression is upregulated by auxin. It is proposed that VAMP714 mediates the exocytic fusion of PIN-carrying vesicles to the plasma membrane, and that this forms part of a positive regulatory loop in which auxin activates a VAMP714-dependent PIN/auxin transport system. The polarity of eukaryotic cells is associated with diverse aspects of cell differentiation and development, and one feature of this is the polar distribution of membrane proteins, such as to promote directional signalling. In plants, local biosynthesis and the regulated polar transport of auxin contribute to the generation of auxin gradients within tissues, necessary for spatially regulated gene expression and development 1-3 .
3
Members of the PIN-FORMED (PIN) family of auxin efflux carriers accumulate in the plasma membrane on specific sides of the cell and determine the direction of auxin flow through tissues [4] [5] .
Rapid changes in cell polarity involve clathrin-mediated endocytosis of PINs, dependent on both ARF-GEF (guanine-nucleotide exchange factors for ADP-ribosylation factor GTPases)-and Rab5 GTPase-dependent recycling [6] [7] [8] [9] . Auxin itself inhibits this recycling, resulting in an accumulation of PIN proteins at the plasmamembrane, so promoting its own efflux 11 . While the endocytic model accounts for the dynamic mobilization of PINs to different surfaces of the cell, it does not explain mechanistically how PIN proteins are delivered to the plasma membrane following their translation in the endoplasmic reticulum (ER).
Eukaryotes have evolved SNAREs as mediators of fusion between vesicular and target membranes. SNAREs can be grouped as Q-and R-SNAREs based on the occurrence of either a conserved glutamine or arginine residue in the centre of the SNARE domain 10 . Compared with Q-SNAREs, little is known about the biological roles of plant R-SNAREs. Arabidopsis R-SNARE Vesicle-Associated Membrane Protein 711 (VAMP711) suppresses Bax-triggered programmed cell death in yeast, suggesting that intracellular vesicle traffic can regulate the execution of cell death 12 . VAMP721 and VAMP722 have been shown to play essential roles in cell plate formation in Arabidopsis 13 . With the exception of a recently discovered salt resistance phenotype 14 , no further phenotype has been found in any Arabidopsis R-SNARE mutant.
To investigate the function of the VAMP714 R-SNARE in Arabidopis, we identified a gain-of-function mutant (initially designated conjoined, cnj) following an activation tagging screen in Arabidopsis 15 . The cnj phenotype was associated with the upregulation of gene At5g22360, encoding the 221 amino acids VAMP714 protein (Fig.   1 ), and exhibited short roots with reduced numbers of lateral roots compared to wildtype, and occasionally (in less than ca. 10% seedlings), axis duplication ( Fig. 1a-d ; Supplementary Fig. 1 ). This low penetrance phenotype was due to ectopic meristem formation, as revealed by expression of the introduced meristem markers proCLAVATA3::GUS 16 or proWUSCHEL::GUS 17 (Suppl. Fig. 2 ). Consistent with the predicted role as a vesicle-associated membrane protein, VAMP714:GFP fusions locate to vesicles. Arabidopsis plants expressing low levels of VAMP714:GFP and transiently transformed onion epidermal peels or tobacco leaf show GFP signal in discrete vesicles, with additional plasma membrane localization seen in stable transformants ( Fig. 1k -n, Suppl. Fig. 3 ). The vesicles were identified as Golgi by co-labelling with the Golgi membrane marker, ST-RFP (sialyltransferase-red fluorescent protein 18 Fig. 1l -n). This is consistent with computational predictions of subcellular location (Suppl. Fig 3) and experimental analysis in Arabidopsis suspension culture protoplasts 19 . We found by video confocal microscopy that the vesicles are mobile (Suppl. Fig. 3b ,c; Suppl. Video 1).
Activation-tagged mutants may not themselves reliably inform gene function, due to potential activation of more than one gene. Therefore to analyse further the potential role of the VAMP714 gene, two independent loss-of-function insertional mutants were identified in the SALK collection (SALK_005914 or SALK_005917), and a dominant negative mutant was constructed ( Fig. 1g ). The dominant negative gene construct was designed to comprise the Longin and SNARE domains but lack the transmembrane domain, so that it would bind to the Qa, Qb and Qc complex of SNARE but inhibit the binding of the native protein 20 ( Supplementary Fig. 4 ). Seedlings of both vamp714 mutants were smaller than wildtype and showed reduced root systems ( for vamp714 compared with 2.8 for wildtype).Dominant-negative mutants also showed a reduced root system, with a mean root length of 1.8 ± 0.2 cm (n = 20) at 21 dpg, with mean lateral numbers of 3.2 ± 0.9, n = 20. (Fig. 1g ). Compared to wildtype, overexpressors, vamp714 mutants and dominant negative mutant plants showed a dwarfed and excessive branching phenotype (Fig. 1h ; Suppl. Fig. 1b-d ). We speculate that the phenotypic similarities between loss-of-function and gain-of-function (over-/misexpressors) of VAMP714 may be due to the disruption of interaction with partner proteins in the over-/misexpressors, and that stoichiometry of SNARE protein complexes is required for correct function.
The spatial expression pattern of the VAMP714 gene was examined in seedlings expressing a promoter reporter fusion (proVAMP714::GUS) using histochemical localization of GUS activity (nine independent transgenic lines showed similar patterns of GUS activity; Suppl. Fig. 5 ). In the absence of exogenous auxin, GUS activity was detected in roots, and most strongly in vascular tissues of primary and lateral roots, though also at lower levels in the root cortex and in the QC; and at relatively low levels in cotyledon veins but not in leaf (Suppl Fig. 5 ; Suppl. Fig. 7j ). This expression pattern is consistent with data from the analysis of the transcriptomes of individual root cell types in day 6 seedlings 21, 22 (and visualized at www.bar.utoronto.ca; Suppl. Fig. 8 ).
Propidium iodide staining of vamp714 mutant roots reveals a more disorganized tissue patterning compared with Col-0 ( Fig. 1i,j) . Lugol staining of vamp714 mutant roots showed an abnormal patterning of starch grain-containing columella cells, lacking both the discrete columella tier delineation seen in the wildtype and specification of the quiescent centre (QC) -vamp714 mutants lack an appropriately specified QC and the columella stem cells showed evidence of differentiation (starch accumulation), suggesting a failure of QC activity (Fig. 2g ). To further investigate QC and stem cell gene expression in these plants, we measured the transcription of the meristem genes 6 SHORTROOT (SHR) and SCARECROW (SCR) 23 at 7 dpg by qRT-PCR. The transcript levels of both genes were reduced in vamp714 insertional mutants and dominant negative mutants (Suppl. Fig. 6a ). Since primary and lateral root growth, and correct columella patterning, are dependent on correct auxin transport and/or signal transduction 24, 25 , these phenotypes led us to hypothesize a role for VAMP714 in auxin signalling.
To investigate auxin responses in these plants, we measured the transcription of the auxin-regulated genes IAA1 and IAA2 26 at 7 dpg by qRT-PCR. The transcript levels of both genes were reduced in vamp714 insertional mutants, dominant negative mutants and also VAMP714 misexpressors ( Fig. 2a ). Histochemical analysis of auxin reporter genes IAA2::GUS 27 and DR5::GUS 25 revealed altered expression patterns in the vamp714 mutant and misexpressor. Compared to wildtype ( Fig. 2b ), IAA2::GUS staining is distally shifted to the disorganized columella of both vamp714 mutant ( Fig. 2c ) and misexpressing seedlings ( Fig. 2d ); while DR5::GUS, which is restricted to the quiescent centre and columella in the wild type ( Fig. 2e , Suppl. Fig 6) , exhibits a diffuse expression pattern in the roots of the misexpressors (Fig. 2f ). Similar results are seen for the expression of DR5::GFP (Suppl. Fig 6) . These data are indicative of incorrect auxin distribution in the root tip. Gravitropism is an auxin-mediated response and linked to correct function of starch-containing columella cells 28 , and in gravitropism assays, only 10% of vamp714 roots showed a true gravitropic response, compared to 85% of wildtype roots at 24 h (n = 20; Fig. 2h,1 ). These data demonstrate that VAMP714 is required for correct auxin distribution and responses.
Given that VAMP714 plays a role in regulating auxin patterning and responses, we considered that it might itself be activated in response to auxin, since for example auxin promotes PIN gene expression and PIN protein localization 11, 29 . To investigate this hypothesis, wildtype seedlings were transferred to medium containing 100 µM IAA and the steady state transcript levels of VAMP714, and also of related gene family members 7 VAMP711, VAMP712 or VAMP713, were measured after 12, 24 and 36 h. The auxin treatment increased relative transcript abundance for the VAMP714 gene ca. 3.4 fold within 24 h after treatment. VAMP711, VAMP712 and VAMP713 also showed a significant increase in expression in response to auxin within 24 hours (Suppl. Fig. 7a-d ).
To study the dependence of VAMP714 expression on correct auxin transport and signalling in planta, we compared VAMP714 expression in pin1 and aux1 mutants with wildtype. The pin1 and aux1 mutants exhibit reduced polar auxin transport 30, 31 . In both mutants, the level of VAMP714 mRNA was significantly reduced compared to wildtype (Suppl. Fig. 7e ).
While exogenous cytokinin and ACC had no detectable effect on
proVAMP714::GUS expression, exogenous auxin (10, 25 or 100 µM IAA) induced GUS activity in root tips (Suppl. Fig. 7f ,g), and in cotyledon vascular tissues (Suppl. Fig. 7h ,i). In view of the diverse auxin signalling-related defects in vamp714 mutants and misexpressers, we investigated whether PIN localization and polar auxin transport is affected. In wildtype cells, PIN1 was localized to the basal membrane of the cells in the central cylinder, and PIN2 was localized to the apical membrane of the cells in the root cortex and epidermis ( Fig. 3a) . Both PIN1 and PIN2 were less concentrated at the plasmamembrane in mutant, dominant negative and overexpressing plants (Fig. 3b ). The reduction of PIN localisation at the plasmamembrane was accompanied by higher protein 8 levels in the cytoplasm, resulting in lower values of membrane:cytoplasm ratios of PIN1 and PIN2 in the null mutant ( Fig. 3c ). In transgenic plants expressing low levels of VAMP714:CFP, both PIN1:GFP and VAMP714:CFP, and PIN2:GFP and VAMP714:CFP, co-localize at the plasmamembrane (Fig. 3d,e ).
To examine the effect of abnormal PIN localisation on auxin transport in VAMP714 overexpressing plants, we used a [ 3 H]-IAA transport assay in 2 day-old seedlings. The rate of auxin transport was significantly reduced in both stems ( Fig. 3f) and roots ( Fig. 3g ) of PIN localization-defective transgenic VAMP714 misexpressors, compared with wildtype controls.
Given the proposed regulatory loop in which auxin promotes PIN gene expression which then regulates directional auxin transport 33 , the levels of PIN gene expression in the loss-of-function vamp714 might also be reduced. Consistent with this hypothesis, the transcription of PIN1, PIN2 and PIN4 genes was reduced in the vamp714 mutant ( Fig.   3h ).
The PIN proteins are dynamically regulated in their subcellular localization via the endsome recycling pathway 7 , and we hypothesized that VAMP714-associated vesicles may also be subject to endosome recycling. This recycling is inhibited by both the vesicle-trafficking inhibitor brefeldin A (BFA), leading to the intracellular accumulation of BFA bodies, and by the actin depolymerizing agent latrunculin B (LatB) 7 . To determine whether VAMP714 is also subject to actin-dependent endosome recycling, we treated proVAMP714::VAMP714:mCherry tissues with 50 µM BFA or 20 µM LatB, and monitored the formation of VAMP-positive endosomes. We also treated proPIN1::PIN1:GFP and proPIN2::PIN2:GFP seedlings with 50 µM BFA. The VAMP714:mCherry fusion protein was biologically functional, as demonstrated by transgenic complementation (Suppl. Fig. 9 ). We found that VAMP714, PIN1 and PIN2 9 exhibit the same BFA body formation, which can be washed out ( Fig. 4a ), indicative of endosome recycling from BFA compartments to plasma membrane. We also found that LatB caused intracellular accumulation of VAMP714 vesicles (Fig. 4b ). This suggests that VAMP714 forms part of both the exocytic vesicle trafficking pathway and the actindependent endocytic recycling pathway, which together regulate PIN protein concentrations at the plasma membrane.
We therefore also investigated the role of VAMP714 in endocytic recycling. We monitored PIN1 and PIN2 recycling in the vamp714 loss-of-function and dominant negative mutants in the presence of 50 µM BFA. We found that PIN accumulation in BFA bodies does not occur in either mutant background ( Fig. 4c ). This suggests that VAMP714 is required for PIN endosome recycling.
There are more than 60 SNARE protein-encoding genes represented in the Arabidopsis genome 19, 34, 35 , and there is limited information available on the roles of SNARE proteins, most likely because of a lack of loss-of-function phenotypes due to functional redundancy between related family members. For example, redundancy has been demonstrated between VTI11 and VTI12 36, 37 , SYP121 and SYP122 38, 39 , and VAMP721 and VAMP722 40 . SNAREs have been classified as vesicle-associated (v-SNAREs) and target membrane-associated SNAREs (t-SNAREs) 41 , though under a structural classification, they can be grouped as Q-and R-SNAREs owing to the occurrence of either a conserved glutamine or arginine residue in the centre of the SNARE domain 10 . Generally, t-SNAREs correspond to Q-SNAREs, and v-SNAREs correspond to R-SNAREs.
The animal vesicle-associated membrane protein (VAMP) synaptobrevin has been implicated in linking synaptic vesicles to the plasma membrane 42, 43 , but a similar role for these proteins has not been widely investigated in plants. It is proposed that R-SNAREs may play a key role in determining specificity in vesicle budding, and an important mechanism for SNARE localization is interaction with vesicle coats. For example, it has been shown that R-SNAREs may be components of the COPII vesicles that are involved in ER-Golgi transport 44 , and that R-SNAREs must be packaged into COPI vesicles during retrieval from the Golgi 45 .
It is known that the auxin efflux carriers, the PIN proteins, can be asymmetrically distributed in cells in order to ensure directional movement of auxin through tissues, to create functional gradients 25, 33 . It is now well established that ARF GEF-and Rab5
GTPase-dependent recycling is critical for PIN localization, and this process is itself inhibited by BFA (an ARF GEF inhibitor) and modulated by auxin [6] [7] [8] [9] . We show in this paper that a further component, the R-SNARE VAMP714, is also required for correct PIN localization via both the exocytic and endosome recycling pathways. We propose a model in which the correct delivery of PIN proteins to the plasma membrane is via a VAMP714-associated compartment, that is a necessary precursor to the endocytic recycling that provides dynamical control over the level and site of PIN protein localization (Suppl. Fig 10) . This in turn regulates the direction and rate of auxin efflux. Significantly, SNARES and Rab GTPases have been demonstrated to interact functionally to promote vesicle fusion at the endosome, and act coordinately to increase the specificity and efficiency of membrane fusion 46, 47 . Mechanistically VAMP714 may interact with the RAB5 GTPase complex known to participate in PIN recycling at the endosome 48 , following its exocytic transport of PINs.
In the classical canalization hypothesis pioneered by Sachs 49 , auxin itself promotes its own transport system, leading to directional flow through tissues and subsequent establishment of cell polarity and differentiation. Consistent with this hypothesis, the auxin-mediated transcriptional activation of the VAMP714 gene would allow the activation of a pathway essential for polar auxin transport by promoting correct PIN protein localization at the plasma membrane. Integrated in this mechanism would be 11 auxin-mediated transcriptional effects on PIN genes 29 and the effect of auxin on PIN endocytosis 11 . A role for VAMP714 in the (probably indirect) maintenance of PIN gene expression is also indicated. Our studies demonstrate that R-SNARE-dependent exocytosis is essential for the auxin transport and downstream signalling pathways required for the control of cell polarity and morphogenesis in plants.
Materials and methods

Plant materials
Wildtype Arabidopsis thaliana plants (ecotype Col-0) and activation tagging populations 15 and growth conditions 50 have been described previously. We identified two loss-of-function mutants of VAMP714 from the SALK collection of T-DNA insertion mutants (SALK_005914 and SALK_005917; www.signal.salk.edu), obtained from the Nottingham Arabidopsis Stock Centre (Nottingham University, Sutton Bonington, UK).
PCR-based genotyping was used to confirm the sites of T-DNA insertion; in both lines
the T-DNA was located in the first intron ( Fig. 1G ). RT-PCR analysis showed that neither mutant expresses the VAMP714 gene to detectable levels. PCR was used to identify homozygous insertion mutants among the F1 plants, using oligonucleotide primers to amplify the VAMP714 gene from wildtype but not from insertion lines: 
Gravitropism assays
Mutant and wildtype seedlings were grown on standard agar plates for 4 days and turned to a 90° angle to measure the angle of bending towards gravity. The angle towards the gravity was measured after 8, 12 and 24 h. The curvature of 20 seedlings for each genotype was determined.
Gene constructions, plant transformation and transient gene expression
To create dominant negative mutant proteins, we expressed a non-functional fragment of the VAMP714 protein expected to bind to the Qa, Qb and Qc complex of SNARE and 13 inhibit the binding of the native protein 20 Fig. 4 ). T4 transgenics were produced by selfing, and analysed phenotypically.
To amplify the VAMP714 promoter, the following oligonucleotide primer pairs 
Gene expression analysis
Localization of GUS enzyme activity in transgenic plants containing the proVAMP714::GUS reporter gene was performed as described 54 
Auxin transport assays
Basipetal shoot auxin transport assays were carried out as described 56 All data were expressed as counts per minute (CPM). Results represent the means of five independent assays ± SD.
Protein localization and confocal microscopy
PIN protein immunolocalization was carried out as described 51 . Fluorescence levels were quantified using ImageJ software (National Institutes of Health, http://rsb.info.nih.gov/ij).
At least three independent analyses were carried out, and for each, six random samples for each of 10 roots were measured, using identical confocal settings for each analysis.
Results are presented as means ± standard deviation. We thank Prof. Klaus Palme Visualized using online tool at http://bar.utoronto.ca/eplant/Red denotes high expression,
yellow denotes low expression. Figure 9 . VAMP714:mCherry fusion protein is functional. 30 Genetic complementation of the vamp714 mutant (right) by the proVAMP714::VAMP714:mCherry construct (centre) shows a rescue of root growth to wildtype levels, demonstrating functionality of the fusion protein in vivo. Bar = 5mm. Figure 10 . Proposed model for the role for VAMP714 in exocytosis and endosomal cycling of PIN proteins.
Supplementary
Our data show that VAMP714:mCherry-positive vesicles (purple) move towards the plasma membrane, and co-localize at the plasma membrane (PM) with PIN proteins.
VAMP714 also accumulates in BFA bodies and in aggregates following latrunculin B treatment, in the same manner as PIN proteins, both processes being part of endosome recycling (green). VAMP714 is also required for PIN1-positive BFA body formation. It is therefore proposed that VAMP714 is required for both exocytosis of PIN vesicles to the plasma membrane and for PIN cycling between the plasma membrane and endosomes, a process sensitive to BFA and latrunculin B in Arabidopsis.
Supplementary Video 1. VAMP714 localizes to the plasmamembrane via vesicle trafficking.
Video showing time series of VAMP714:mCherry expression (30 images were captured over 10 minutes).
